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MSTUCT

Htgh quilts), long ftber r.atnforced com_sltes, such as those used in

aerospace and Industrial applications ire ¢omonly processed In autoclaves,

An IKlequate reslq flow model for the entire systel {l_tnate/bleeder/

breather), wh|ch pr_ovides a description of the tt_e-dependent lamtnate

consolidation process, Is useful In predicting the loss of resin, heat

transfer characteristicS, flW volume fractt0n and Part dimension, etc..

•nder a specified set of processing conditions. This could be acCOmplished by

_r0Hrl¥ analyzing the flow Pottere_ and pressure proftles inside the Idmlnate

during pr_cess|ng,

In this Paper .4 newly fomuiated res|n flow model for composite prepreg

Imlnatt.on process Is reported. This model considers vt$cous resin flovs tn

both directions wpendt¢ular dmd Faraliel to the composite plane. In the

hOriZontal direction, a squeezing f|ow between two nonporous paral!el plates

tS analyzed, Nhtle In the vertical direction, a goiseutlle tYPe pressure flow

thrOugh porous _lta IS assumed. Prol_r force and alss ballnces have been

_de and solved for the whcle SyStm. The effects of flber-f|ber interactions

durtng I_tnatt0n are tncluded as Wllo The unique features of th|s anslysts

are (_) the pressure ¢rjdtent inside the l_tnate iS aSSu_,d to he generated

frm squeez;_; action between t_o adjacent approaching ftber layers, and (it)

the behavior of fiber- bundles Is simulated by a Finitely Extendable Nonlinear

Elastic (Ir[._) sprlqg. Favorable comparisons bet_en model predictions ,nd

e_pertnentsl dtta available tn literature are found.

_  I WIR
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supported by t_e LeqC Polymeric Ptatertel._ Branch (PgS) 'Jnder Contr0ct

NAS|-]8(}00, This is a progress report on en ongoing research prOjeCt toward

sonltorin 9 an,1 controls of ¢omoosite laminate fabrication prOC_SSing |n

eutocleve. R, q, Raucom (PqR) wls the Tect, nlctl _qonitor. This work also
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Restn Flows for Thernosetting Hater_Jls During Prepreg Processing" previously

reported by _SA CRo|TZ442, July, ]qtY. Thinks ire due to James Shen (r_}U)
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High quality lOng fil)er reinforced COm;)OS|,'.eS, Sucl_ _1_ ti;G;_ u_,i_j |n

aerospace and tncl_strtal applications, are conb_only i_rocessed in autoclaves.

Ourlng processing, the composite =at_ials are su,_Jecr._ _G _r_Scr|b_

elevated temperatures and Iwessu.*es. Selection of e cure cycle (i.e.,

Umper4_.ure profile) will dtctate the kinetics of the reactive res:n _atrii.

_nd consequently the Profile of ChemOviscoslty built-up. Increased molding

pre¢.sure during processing wtll result in resin flo_ botl_ Perl_dtcu:_r ar_

parallel to the ftDers. The a_)lted Pressure helps tO consolidate the

composite I_tnares and to squeeze out e_cess resin and voidS. An adequl*.e

resin f|ou model for the e_tire systeq (l_atnate/blee_er/breatner). u_tc_

provtdes a description of the time-dePendent laminate consolidation _rocess,

ts useful in predicting the loss of resin, heat _ransfer character,s:ItS.

fiber volu_e fractton and part dimension, etc., under a soecifted se*. of

processing conditions. T_IS couid _ _ccompi_shed by properly analyzing the

flo_ patterns and pressure profiles inside the laminate _uring processing.

i
!
t

L

Constderab|e work has been COnducted in the past by n_merous researchers

In searchln_) for a relatlCnSh|p 3eC_c._ Ctli,_v|_cOS_ty ana cure kinetics

Ci.2]. However, the mechanics governing ;qe flow of rest,_ _ssoclated vith the

composite I_tn_tton process ,_as rec_'v_d ||tt|_ i[(_h_ion. Springer an_ Loos

[3-6] and Ltndt [7] had presented pure viscous flo_ mmsels. Zn their

analyses, the applied pressure our_._; c_os_e _.c_,_v I(Imln(l[lOIl process iS

c_rried by the resin metrtx only. The pressure gradients resulted _nslcle the

1



lemtnatecreate floras |n both directions perpendicular a._d I_rallel to the

planes of the composite. A;though favorable comparisons between model

predictions and exllert_enta 7. r;oservations have been reported for some cases.

It ts generally recognized that an adequate flora model for the composite

consolidation process must inclu(ie th(= effect of compacted fibers as well.

Recent measurements (8] Indicated that resin pressure could be as low as 1/3

to l/IO of the allgiSed pressure, a_l the eissing load rest be carried by the

fibers. Bartlett (9] develQl_l a theoretlca| flow model for 91ass-reinforced

resin during lamination of euitilayer pranted circuit boards in the electronic

Industry. HIs analysts appeared to be the first attempt to take Into account

the effects of 16yers of glass fabric coming into contact _th erie another as

the resin ts squeezed out. The model vas liter compared vtth experimental

results by Bloechle [I0.11] uSing a Par_11el-p;ute p|aStmeter, and _s

Su(cessfu!|), applied to quality control of tncomtng epoxy 8-stage orepregs in

• _ufacturtng e_vtronment.

Hore recently GuCowSkt [12] repor_e(l a r;!;:_ flo_'Ir;G_r uc,om_,on_'"....... n_e;

for co_poSt_.eso §y aSSuming f|bers possess small curvatures, an elasttc f|ber

model :leptcted by a rapidly stiffening :llrl.',; _lls _c.%:r;;C:G. _. T,',£ _'-' ....

also c.hovnq to _tt experimental data favoral)ly.

|n this paper a newly for_u|ated r._stn Irlo_ _o_el for c_po_tte prepreg

la_tnation process Is reported, This .-._el ¢ons!_ers visco-5 ._e_.._ *_ .... '*
! I _;m _) Ill

both directions perpendicular and parallel to the composite l)lane. The

effects of f_ber-ftber tn_.eract|o_s during l_minS:tOq are Included :_ _!!.

Tr_ u,-_.que features of this analysis are (t) the pressure _radient tn;Ide the

la_lnate is assu_ed to be generat2_ from squeeztq 9 aCtiOn _etveen t_ _-_j_ce_t
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a_roechlng ftber layers, ar_ (it} t_ _avlo_ o_ fiber _ndies is slmulJted

by a F|nltely £xtendible I_onltne4r [lastt¢ (F[I_) spring. CaqpirJsons between

node1 pred|ctlon$ jnd ezi)er|ment_| r_s.ltS wlll a;so be ,ude.
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S Jp/dZ (PSI/Inch}

Viscous flow Activation (nergy (_cal/mole)

Viscosity cu-e Activation (nerg_. (Kcal/aole)

External ]oad (Ibs)

Sel_iratto_ (inch) bet_qt Paraliei pJate$

Initial $eparatio_ (inch) between pIrallel plates

i dhldt (tnchlSeC)

Permeability (inch2) of porous material

Viscosity rate constant

ltiteriel COnStant (mln*l)

Pressure (psi) generated by s4ueezfng action I)etmn two
apprcklChtng plates

A_tent pressure (psi)

Pressure (psi) absorbed by glass fabric Or fiber bundles

_eftned by [q_.(|2).(13)

Universal gas constant (kcallmole *K)

C¥1fndrical ¢oorIfnate System

Curing temperature (wK)

Curing tt_e (sac)

Velocity (inc_lse¢) averaged over 4 small reg_o_ Of Sp_C8tn porous material

Velocity (inch/see} in r a,_d z _lrectton, respectively

Cflaracter_st_c thickness (Inch) of porous material _ereresin flows

Chc_._vlscoslty (potse)

[nltial viscosity (poise) at t • 0

Naterta! COnStant (poise)

Oer,stty (lh/ft]) avera;ed over a region in porOu_ _atertal
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I i. T_OtV

PhTSlcal Model

A simplified Idealized schematic diagram of _ltl-laycr composite

la_min_tes Is shown In Ftg. |. A stack of ftve layers of prepreg topes ts

confined bet_q_ t-O steel plates and layers of por)us _!ltertais. The porous

_llt_rtals include those CmmOn]y called bleeder aM breather mutertals. In

realtty, the fibers are n4t lN_ft_t!y straight arid a|l_ed as sho_. They are

rather curved and have In_efinite number of potnts of Contact tn between.

the la_tnate coeq;dCtlC_S O¢Cdr due tO the externai |oad. the nuaoer of

points of contact among I_yers of ft_er bundles Increases rapidly, and so does

the fraction of _xternal ]oN carr|e_ _y tr_ f1_r bond;_;. _u_ behavior can

he conveniently simulated by 4 nOn-XOOkean elasttc 5prtng.

Iq order tO develop a viscous flo_ model for the resin. 4 "!o, channel ts

postulated and s_oun schemattCa_)y in F|Q_re Z(4). w_ere rG;|_ |£ CGNf_n_

between t_ parallel porous plates separated by a distance, 2_. Upon

application of 4 force, F, the re:sin Is Squeeze_. outward horlz_.t;|}y _,-_ ;|_G

vertically thrOugh the porous med|a. It tS assumed _hat t_ese two flow

directions can be decoupled conceptually as 5hO_ In Fig. 2(_) an_ _(c).

F_9. 2(b] illustrates a squeezing flo_ _et_e_n two non-porous plate5 separated

by _ sa_ distance. 2 h. A verttcal pressure flow through porous -4Cerlal; Is

|ilustra,ed in Fi_. _(C) (_SS,J_tOg no horizontal flow), and that t_e flow t5

drIve_ hy a _ "_re _rop (P'Pa) 4cross 4 characteristic distance z0 _e_e

P _$ t_e pressure generated by the sq.Jeezan9 action t_tween two approaching

p;ates, and Pa i$ t_e _bten_ presser,. _ _5_ ba]_,;_G _C_eq c_an_e oF

plates separation and tn_ f|ows tn _,,5e two _ireat_on5 can he _Stablished.

S
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The externally appl ted force F must I_ balanced by the press,_res dnd the

elastic force of fiber bundlp_ as veil.

Hath_natfcal For,nulation
r_

A. Vertical Flow, Through POrous 14edta

For the flow of a fluid through a pOrous medt.jn, the equat|on Of motion

can be replaced by Oaecy's law [13]

IC
.vo ...; (_ - ,,g), (l)

where the underlined quantities denote vectors. K iS the Permeability of the

/POrOuS medium, q tS the viscosity. _o _s • superficial veloctty averaged ove?

a mall regton of space, and p and p are density and Pressure. respecttvtty,

averaged over a region available to flow that ts large _tr_ respect to the

pore size.

For an incompressible liqutd and constant K and _. Eq. (1) together vlth

the equation or Continuity can he reduced to

v_ - 0
(2)

AS a ftrst order approximation, we assL_e that Eq. (2) is applicable to our

syste_ (Fig. 2(c)) tn a unidtrectional flo_. [qs. (l} and {2; Can then be

cobb'ned to give

K
V0 " -- Cz , (3)

6



where cz • dp/dz Is a constlnt. [q. (3) has also been adopted by Springer

,rid Loos [3-6] tn their ana;_;Is.

8. _rtzo, ta! Squeezing F]ow

Ide nov consider the squeezing fl_ betveen _m non-I_rous plates, •s

shorn In Fig. Z(O). A cylindrical COOrdinate system (r.e,Z) Is chosen for

com, en:ence. The velocity 1_ I_-ess_re fle|d$ iet _SSumed Yr " vr(r.z),

Vz • Vz(z) end I) • p(r) only. The equ•tlo_ of contlrmlty bec_s

Z _ Vr dz ÷ r (t; • Vo) " ¢.

0
(4)

_ere F; o dh/dt Is • Be,;ure of t_e _lx'ed of approach of th_ _._ _r,| |e|

plates upon the appl|catton of force F, and Vz - _ at z - h.

For the velocity field •st.umed, Bird et •1. [14] hsve sho_ that the

r-: _-_^_'_ eq.uatlo, ,f ,.*_to. ¢a_ _ _*tegrated to gfve

Vr ,. I _, {I -(_) ].-F dr" (._)

Substltut|ng £q. (S) Into [q. (4), we have

(6)
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wh(ch can then be integrated tO oOtalh the pressure distr|button 8s

3 R2 r 2
pCr)*pa • - _ n _T (_ + %) [1 - (_) ] (7)

(q. (7) represents the squeezing geflerated pressure drop between t_o cara|lel

plates approachfng vith 4 speed _(t). The pressure distribution iS Shom tO

be Piraboltc, and |$ de_r_en¢ Ul_On distance of separation bergen p|ates,

h(t), and plates approaching Speed _(t).

Substituting Eq. (6) Into Eq. (5), we h_ve

Vr(r,z ) . J e _ 2[1-( ) j. (8)

_|Ch describes the velocity profile of flow tn the hortzont¢! direction

between p_ra||el plates.

C. Elastic Forces fro_ Fiber Bu_les

!_ i; receqnized that In PraCttCe the _repreg tapes _re not perfectly

Straight tnd aligne_ wi:_|n [_e C_mposlte i_Inste. The fiber _und|es are

assuned to be curved l flttially ,nO to bet.3ve as an elastic sp_ing. AS t_e

force is applied, [he n_er Of PO|_ts of contact in _etween ingresSeS

rapldly, an_ the e|astic spr,ng beco_es stiffer. SuCh behavior can be

Si_ulated _y a Finitely Extend_b|_ )_|i_ear [ia_t|c (F(N() sprt_,g wl_ich has a

force ]a_ of the fo|l_wl_g f_:



@ _°_° _ ..... _ --.._e...._._ m _q

(ho-h)
Ff " Pf" A • k •

ho*n

"C n
(9)

¢

e

]

tn wh(Clt _(t) IS the dlsta._e of separation between plates, and h(O) • nO is

the tn|tlal distance, a and R,* Ire nu_d)ee and radius of prepreg ply (ftber

bundle) respectively. (h@.c_i_f) then represents the qauciimq coqPresslble

distance ¢chteveahte. A is the sample area, k is the elastic constant end n

fs a COnStant. A sprt._j (fiber bundles) with thts force law vii; be linear

(Hookean) for s_aall ¢o_Presstoq, but will Set stiffer ar_ stiffer as the

sprtng (fiber bunclies) ts compressed; furthermore, the s/arln 9 (flt)er _undles)

Cannot be c(_pressed beyond (ho.mRf), because Inf_niteiy large ccw_ress.:on

force ts then require_, according to [q. (9).

we can e:lvate a balance in forces ustng [qs. (2), (7), and (g) as
fotlo_r£:

F - j [p!r) - % , CzZo , pf] 2 mrdr
0

• "_a"¢zz0 * _:) " ; • _ C.; * _ %3 (IO}

-here F ts the applied externai force to the plates, zo is a Characteristic

length in vertical dl*ectton across ;)oro_s _ed_e, and ?f vs the Pressure

a_sor_ed hy t_ e f_r_c or fiber _Jfldies. _.ys(csl|y _t is noted thaC *_en



)

layers of fibers C_ into contact with one another aS the resin iS squeezed

outward, they begin tO carry e portion of the applied ]oed. The overage

pressure applied to the resin |l therefore the difference bet,een the average

applt_(I pressure and the pressure Pf carrted by the fiber buno)es.

[q. (10) can be re_--anged as:

_h - .---_[K r.o_ 3]ai"" Cz'--_2h (tl)

with

Ot " _q2 (CzZ o . pf) (12)

and

,'1z " _ mq' (13)

T_e Ci_e-d_pendent |aminate thickness h(t) under a COnStant load F can

therefore, be calcutar._ by ;oiling Eq. {iij.

IN
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!11. Results and Discussion

For a given multi-layer composite laminate, w have

re(t) no

vf-T--" _ (14)

-_ere Vf(t), n(t) are tl_ _lOer volum_ fractl n _d Iblinate Lnickness at

time t respectively. Siailarly h0 • h(O) and V_ • Vf(O) are the ]nttl_l

laminate thickness an_ fiber volu_e fr_c_IG_ _e;pEct|ve;y. _ubstituLing [q.

(14) Into Eq. (9)o we nave

i
(vT(t)-v_)/vf(t)

Pf " kf -

[l _.v;:t)-v_)/vf.t)'].,
"-f 0 f- -

(V_-Vf)fYf

(IS)

with kf - k no/A , and V_ denotes maximum fibe- volume fracttoq Obtainable.

Experimenta" data ShOrn tn Ftgure 3 were taken by Gu:owskt [12]. They were

ebtained by compressing 6 inch iong graphite fiber bundles i_pregnated in

light mineral oil which has a viscosity of 0.05 Pas. T_e elastic behavior

Shown iS a nonHooke_ e6_|d_y _tiffening spring. _y Selecting V_ • O.S,

V_ - 0.8, kf • 50, and n - 1.47_, pr_i:_tInnS of FENE Spain 9 nodel, Eq. (I_),

for the fiber bundles represented by Che soiio line, are sho.n to compare

favorably _i_ the e_erimental _ata tq the Figure. During the selection of

11



,f
values for _odel oar_eters, it |s noted that V_ a_ Vf jt_ Obtained feo_

experimental observations, _hlle kf and n are two adjustable variables.

81oechle [10] and _,'rtlett [g] had tnvest.tgated Ioa_/defomatlon

character|sties of a ¢onmercial B-stage 1080 glass fabric _tth a thickness of

0.0036 tnCh using i parallel*plate l)lasto_eter. Measurments of pressure

clrrled by the glass cloth as a function of tf_'¢kne_S h ire #t_6duCed _n

Figure 4. 8y selecting h0 • 0.0036 tn.. (h0-mRf)/h O - 0.99, n • 6, and

kf - 370, the FENE mcxlei [(i. (g), represente4 by _e _0|]6 |Inn, I_ ;ho_a t.O

empire reisonab|y ,ell vdth the data points vithtn the _perImta| range.

The chemovlscos|ty profile for 8oStage 1080 resin under isothermal curing

it temperature T fin been r_asurN _y 9|C_C_le _.vj.r_n_ a_ Ca.*, _1_ ,.w....,,_c-**_"***'_h_,.;

I dun! ArrheniuS expression iS follows:

n(t) - no exp [kt] (IG)

_|th

no " n. exp [6[n/RzT]

k • k exp [-AEklRtT]

!
_here n denotes c_r_ng VlSCOS _* "

viscosity ra:e constant. Values of parameters are tabulate<l _n Table |.

12
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Tibia. 1. Values of parameters for A-stage lOqO epoxy restn and glass fabric
i

no - 3.7a x 10°13 potses

k • 5.5 x 10 t ntn-!

6£ • 28 kcalllole

a£k - 2Q kcal/mole

it • 1.982 x _0 "s kcaii(Aole *K)

K • 9.0 x IO `13 |nch_

z 0 s 0.0004 tnch

R - Z.93 inch

The flow data Obtained by plast_eter vere perfomlKI on 6 x 4.6 inch

8-stage si)eclaens u_der three tSotherml cure teageratures of 14f), 160. and

180"C. Each of the flm, test spec|meq5 was co_prlsed of ]A St6cked P;Jes. |n

order to wlnti_,n a o/A ratio of 1.16 psl/(sq, inch) _mlr.h corres_c_5 tO a

typtcal _8 lamination procedLre utilizing 500 psi on an 18 x 24 InCh panei, the

applted force F ac_ing c,_ the test specimen _as aatntained at _AS Ibs. The

average B-stage thickness per ply h(t) _easured for three t_O=herma| flow tes:$

are reproduced tn Figure 5. The _;|d lanes are n_del Pred_ctiors using Eq.

(11) Incorporating the FEN( spring. (q. (9). for fibers bundles aS diScuSSed

above, values of parameters u;e_ ;n C,_;_-u!at_ons are also _ncluded in Table 1.

/'

J

--4"

For a given fo_ce F. the model S_S t_ over-est_te the Cc_pactt_q leve|

of the laminate. Czz 0 d@no_es the pressure drag for flow _M vert|cai

direction across a ;orou5 _ed_u_ qtth a characterlst_c length Zo. Val,e5 of

czZ 0 increase _th _ncreas_ng temperature. As _he top and bottom bleeders

13
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are f111ed vfth the res_.s durlng processing as i resul_ of vertical flo_s, I'.

Is conceivable that the flo_ characteristic _3u|d change. Uses of vJrlable

values of CzZa could therefore give better ftts between model and

experimental data. It Is also noted that the range of aeaSured FE_ forces

Pf, ShOwn |h Figure 4, does not cover the experimental values of h(t), thrum

_n Figure S, v_.ere a reduction of only lO-20t of the or|glhal iamir,ate

thickness been accoPpl|s_ed. The fI,al lmtnite thickness can, however, be

predicted _¢curately to _thtn L_ at all three ¢urtng tm_P_tures.

Fractions of applied load ¢&rrted by fiber b_ndles and Ut_ relctive resin

¢hemoftscoslty aS a function of curing ttm are plotted in Figure 6 and 7

respectively, it is seen that a Io_er initial viscosity can be 0bta|ned for

hlgher l$othemal curing Condition. A lover viscosity gives r_.se to •

faster plate approach rate _(_.) at the early stage of laminate conpaCt1On, and

¢onsequent|y a ,_;gher rate of increase In fractions of ap01fed load carried by

the fiber bund;es as ShC_ tn Figure 6. For mall deformstlon _flere (PfA/F)

< 1.5t, the force response of F[H( spring appears to _ qookean. As the

derogation _omes larger, functiOQS of PfA/F vs. t plotted tn Ft_ure 6

ShOuld exhtb|_, ra_id|y _,ncreas|n9 S;opes Corresponding tO -. rapidly stiffening

Spring aS discusseq before. The fact that opposite characteristics for each

curve (i.e. decreasing slopes aS a function of time in Figure 6) are obtained

_ndfcates thaC the majority of the applied load ts carried by the resin _a_rtx

_lCh possesses _tgr, che_ov_sc_:_e_ for this particuJer case under

d/scusston.

14



TheIncreasestn fiber votume fractions ¥f(t)/¥_ durtng processing it

ShO_ tn Figure S are ca|(o|tt_ from [q. (|4) for three tomper6tures. By

knowtng _he tnttlal v_lume fraction of resin, ¥_. the residual resin volu_e

friction Vr (t) can be ca|cd|ated d|recL|y from h(t) by the folloving

equation:

• Vr_e h o h_VrO * (I;)

The pressure distributions p(r) - Pa for the resin mtrtx inside the

laminate calculated frem [q. (7) a_e plotted in Figure 9. The dlstrtbut|oh_

are parabo|I¢ as a functJGn of radius r. Lower pressure levels it seen for

18(PC are consistent _th the results shown tn FSg. 6, due to the fact rJ;at

_4_h_r POrt;O_ of the tpp;ied load are carried by the fiber bundles. The

change in pressure during the laminaS|on process appears to be _ail for ill

process(ng temperatures because of the same reasons discussed Oefore,

15
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A resin flow model for the long fthgr reinforced coeoosite prepreg

lamination process has been formulated. T_e model considers viscous resin

f;ovs I_ both directions Perpendicular and paral|el to the composite plan,.

The effects of fiber-fiber Interactions are included as uel!. Proper force

and mass balances have been made and solved f_r the entire system which tS

composed of laminates, bleedor_, a-.d breathers, Loss Of resin, fdber vo|ua_.

frAct.ton, pres_::_ distribution Inside tr_ 1L_lnate. oart _-t.-_er,_ions and

temperature effects, etc., as a functtOfl of processing t_ can all be

simulated. By assum(ng proper velocity ftelds for the squeezing flows between

parallel plates, a ;arabelfc Pressure distribution _ftthln the res|n is

obtained, Trle effects of f|ber-fiber Interactions during lain|hate cmpactton

are simulated by a Ftnttely Extendable qonlinear Elastic (FENE) force, _htch

behaves as e rapid17 St|ffentng spring, and correctly depicts the

experlmeqtally observe_ behaviors of fi_er responses during the la.'_tnatlOn

pro:ess. C_mp&rtSO_S of mode! PrGdfCt(ons and one set of experimental data

found tn the literature show that the final laminate thickness _an be

predicted accurately tO wlt_..9 8f. _fld_ various iSothemal curtng conditions.

• eu

o
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Figure 1. An idealized schmatic dimgran of multi°14yer composite l_lnates
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Figure 2.
Physical MOdel for viscous flovs In bot_ hortzontll m verticli
4trecttons during prepreg iminitlon process
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Ftgur$ 3. Comparisons _wee_ F[_[ r_o_e! '_r the re$tStance forces

of flber hundle5 during prepre9 l a_nati_ process and t_e
experimental data
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Figure 5.
Comparisons between oredlctions of :he resin fiow_el
and the experimental measurements for tsother_al processing
of B-stage 1080 91ass fabric at three different temperatures
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Figure 6. Fractions of applied loacl Carrie_ by the fi_er bundles _uring
isothema| processing of a-stage 1080 glass faDric

2S



80oc

10 _ I l I I
0 LO 2.0 3.0 4.0 5.0

t fminutes)

1

Figure 1. C_e_oviscos_ty profiles for isot_,e_.al curt:;g of B-stage
epoxy resin [9] at three temperatures
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High qualtty Ion b 1bet reinforced composites, SuCh as those used In aerospace
and tedustrtal applications are cmtonly Processed In autoclaves. /kl adequate
resin flo_ model for the _lttre system (laminate/bleeder/breather), _tch prOvtdes
a clescrtpttom of. the t|nm-del_ndent, laminate conso!idatton process, Is useful tn
predicting the lOSS of resin, hzat transfer CharaCteristiCS, fiber volume fractton
and part d|menston, etc., under a specif|ed set of processi_j conditions. This
could oe accomplished by Properly analyzing the flov Patterns and Pressure profiles
inside the laminate during Processing.

In this paper a neVly forn_lated restn flow ._del :or composite prepre9
lamination process Is reported. This model considers viscous restn flo_s in t_th
directions perpendicular _nd parallel to t_e composite plane. In the horizontal
direction, a squeezing flo_ between two nonwOuS p_rallel plates is analyzed.
•mlle in the vertical direction, a lx:_seutlle type PreSsure flow through porous
media ts assu_ed. Proper force and mass balances have been made and solved for the
vho'e system. The effects of fiber-fiber Interactions durln 9 lamination are
|ncluded as well. The unique features of this analysts are it) the pressure
gradient lnSlde the laminate IS assu_ed to be Qeneratt_l from squeezing action
between t_o adjacen_ app_Oachtn 9 fiber layers, and (it) the behavior of fiber

bundles ts s_mulated by a Ftnttel_ Extendable Nonlinear Elastic (FEN() spr_ng.
Favorable COmparisons between model i)recltcttons and experi_enta) data avatla{)lo. InI t terature are found.
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